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and the printed pattern is limited by the nozzle's motion paths. Such limitations have greatly restricted the versatility and applications of existing DIW 3D printing approaches.
Here, we report a new strategy to overcome the limits of DIW 3D printing by harnessing deformation, instability, and fracture of viscoelastic inks. We show that a single nozzle can print fibers with resolution much finer than nozzle diameter by stretching the extruded ink, and print various thickened or curved patterns with straight nozzle motions by accumulating the ink. To rationally select parameters for the new printing strategy, we construct a phase diagram to quantitatively guide deformation, instabilities, and fracture of viscoelastic inks. This new strategy provides a wide new avenue to opportunities beyond the limits of existing DIW 3D printing approaches. We also demonstrate novel applications of the new 3D printing strategy including stretchable structures with tunable stiffening and 3D structures with gradient properties, and programmable swelling properties, all printed with a single nozzle. Figure 1a schematically illustrates the typical setup and parameters for DIW 3D printing. The viscoelastic ink is extruded out of the nozzle tip, with inner diameter D, at a speed of C (without deformation). The extrusion of the viscoelastic inks usually leads to die-swelling of the inks, [15] resulting in printed fibers with diameter αD, where α is a die-swelling ratio greater than unity. Therefore, the extrusion rate (or feed rate) due to the volume conservation is Q = πC(αD) 2 /4. The nozzle tip moves at a speed of V and a height of H (from the surface of substrate or printed layers) while depositing fibers of the viscoelastic ink. In convectional DIW 3D printing, the moving speed of the printer nozzle V is set to be equal to C. As a result, the resolution of printed fibers is limited to αD, and the printed pattern is controlled by the continuous motion path of the nozzle. Note that C is typically determined by ink's material properties and applied pressure P during DIW 3D printing.
In this study, we will show that (i) a single nozzle can print fibers with various diameters much smaller than αD, significantly enhancing the resolution of DIW printing; (ii) the printed fiber can be discontinuous despite the continuous motion of the nozzle; and (iii) complex patterns of printed fibers can be achieved with simple straight nozzle motions. In the subsequent analysis, we will control two nondimensionalized printing parameters to develop the new DIW 3D printing Direct ink writing (DIW) has demonstrated great potential as a multimaterial multifunctional fabrication method in areas as diverse as electronics, structural materials, tissue engineering, and soft robotics. During DIW, viscoelastic inks are extruded out of a 3D printer's nozzle as printed fibers, which are deposited into patterns when the nozzle moves. Hence, the resolution of printed fibers is commonly limited by the nozzle's diameter, and the printed pattern is limited by the motion paths. These limits have severely hampered innovations and applications of DIW 3D printing. Here, a new strategy to exceed the limits of DIW 3D printing by harnessing deformation, instability, and fracture of viscoelastic inks is reported. It is shown that a single nozzle can print fibers with resolution much finer than the nozzle diameter by stretching the extruded ink, and print various thickened or curved patterns with straight nozzle motions by accumulating the ink. A quantitative phase diagram is constructed to rationally select parameters for the new strategy. Further, applications including structures with tunable stiffening, 3D structures with gradient and programmable swelling properties, all printed with a single nozzle are demonstrated. The current work demonstrates that the mechanics of inks plays a critical role in developing 3D printing technology.
3D Printing
Direct ink writing (DIW) has demonstrated great potential as a versatile method to 3D print multimaterial and multifunctional structures for applications in diverse fields including stretchable electronics, [1, 2] organ on a chip, [3, 4] soft robotics, [5, 6] biomedical implants, [7, 8] and smart composites. [9] [10] [11] While the inks for DIW 3D printing span as diverse as conductive pastes, [1] elastomers, [5, 7, 11] and hydrogels; [2, 4, 10, 12, 13] they usually possess common rheological properties such as viscoelasticity, shear thinning, and yield stress flow to aid printing processes. [12] [13] [14] During DIW, pressurized viscoelastic inks are extruded out of the 3D printer's nozzles in form of printed fibers, which are deposited into patterns based on the prescribed motion of nozzles. In most DIW printing processes, a single set of printing conditions is adopted through trials and errors, and rarely changed during printing. [2, 10, 12, 13] As a result, the resolution of printed fibers is usually limited by the nozzle's diameter, www.advmat.de www.advancedsciencenews.com strategy: the nondimensional nozzle speed V* and nondimensional nozzle tip height H*, defined as
In conventional DIW 3D printing, the printing parameters V* and H* are commonly set to be unity, so that the extruded viscoelastic ink is deposited without significant deformation. In the new strategy, we will tune V* and H* in wide ranges to exploit deformation, instability, and fracture of viscoelastic inks, enabling new modes of DIW 3D printing including accumulation, coiling, die-swelling, equidimensional, thinning, and discontinuous modes ( Figure 1b) . As illustrated in Figure 1b , the new 3D printing strategy can give continuous and discontinuous fibers with diameters much finer than nozzle diameter (e.g., thinning and discontinuous modes), and nonlinear complex patterns of the fibers (e.g., coiling and accumulation modes) with a single nozzle. To accurately control different modes of printing, conditions for each mode and the corresponding printing parameters need to be quantitatively identified in a reproducible and predictable manner.
In the new strategy of DIW 3D printing, the effects of gravitational stretching and inertia are negligible (see Figures S1 and S2a of the Supporting Information). [16] [17] [18] Under such conditions, previous studies have shown that the coiling instability occurs when V ≤ U c , where U c is the steady coiling speed defined as U c  R c Ω c with R c the radius of steady coiling and Ω c the angular speed of the steady coiling ( Figure S2b , Supporting Information). [16] [17] [18] [19] [20] Notably, the negligible gravitation stretching renders that the speed of ink extrusion is identical to the steady coiling velocity, U c = C. [16] Therefore, the condition of coiling instability is V ≤ C, which renders V* ≤ 1, given that H* is large enough to avoid accumulation of the printed ink. The geometric model of coiling instability [18, 20] also provides the corresponding ranges of V* for each submode of printing: translating coiling (0 < V* < 0.33); alternating coiling (0.28 < V* < 0.6); stretching coiling (0.55 < V* < 0.68); and meandering (0.53 < V* < 1).
When the gravitation stretching is negligible, the radius of steady coiling scales with the nozzle tip height, R c ≈ H, and therefore, Ω c ≈ C/H. [16] With this relation, the translational movement of the nozzle during each cycle of coiling can be expressed as V Δt, where Δt ≈ 1/Ω c ( Figure S2c , Supporting Information). [16, 17] As illustrated in Figure S2c of the Supporting Information, the coiled fibers will overlap each other when the translational movement is smaller than the printed fiber diameter, VΔt ≤ αD, resulting in merging between the printed fibers and accumulation of the deposited ink. Therefore, the condition for the accumulation mode of printing can be expressed as 1 for accumulation mode
where the diameter of printed fiber α = / * d D V (calculated from the volume conservation of the extruded ink) can be much greater than nozzle inner diameter D due to the accumulation of ink. Since the boundary between accumulation and coiling mode is given as V* = 1/H*, the complete condition for the coiling mode of printing becomes
where the diameter of printed fiber d is equal to the die-swollen diameter αD ( Figure S2a , Supporting Information). (Note that the coiling mode requires H* > 1 since the deposited ink will be squeezed between the nozzle tip and the substrate or printed layers when H* ≤ 1.) When V* > 1, the extruded viscoelastic ink starts to get stretched due to the motion of the nozzle ( Figure S3a , Supporting Information). [21] Figure S3b 
Assuming incompressibility and volume conservation of the extruded ink, the diameter of the printed fiber can be calculated as
According to the normalized nozzle speed, the thinning mode of printing can be classified as
where the die-swelling effect is dominant and the diameter of printed fiber d is greater than nozzle inner diameter D.
for equidimensional mode
where the diameter of printed fiber d is equal to nozzle inner diameter D.
where the diameter of printed fiber d can be much smaller than nozzle inner diameter D, enhancing the resolution of the printing. In Equation (6), f * V is the nondimensional nozzle speed at which the extruded ink starts to undergo fracture. Hence, the upper limit of the thinning mode is given as
V is a material property, given that the Weissenberg number is greater than one (see Supporting Information). [22] For example, the experimental measurements give ≈ 3. When the nozzle speed exceeds f * V , the thinning of extruded ink by stretching transits to the fracture of stretched ink, resulting in discontinuous patterns of printed fiber segments ( Figure S4a , Supporting Information). Hence, the condition for the discontinuous mode of printing can be expressed as
where the diameter of printed fiber d reaches its minimum value α / f * D V as the fiber cannot be further stretched. Based on the conditions for various modes of DIW 3D printing, we construct a quantitative phase diagram with nondimensional printing parameters (H*, V*) to guide rational selection of parameters for the new strategy (Figure 2) . To experimentally validate the new 3D printing strategy, we perform a systematic set of experiments for various combinations of H* and V* with the silicone elastomer ink (SE 1700; Dow Corning and Dragon Skin; Smooth-On) as a model material for commonly used viscoelastic inks in DIW 3D printing. The printed fibers under different conditions of H* and V* are illustrated in Figure 3a , with the corresponding modes of printing summarized in Figure 3b www.advmat.de www.advancedsciencenews.com good agreement with the phase diagram, validating the proposed strategy. Also, the printed fiber diameter can be predicted reasonably well over various printing modes and parameters, further demonstrating the enhanced resolution of DIW printing much beyond the nozzle diameter in highly predictable manner (Figure 3c) .
Next, we show the capability of using a single nozzle to print fibers with various diameters (unlimited by nozzle diameter) and complex patterns with straight nozzle motions by adopting new modes of DIW 3D printing. Furthermore, the transition between different modes can be continuous, enabling the continuous printing of various nonlinear patterns and fiber diameters by one nozzle in undisrupted manner. In one example, we program parallel straight paths of the nozzle motion with different values of V* (0.1, 0.4, 0.8, 1.1, 1.8, 2.5, and 5.0) and H* = 5 for each path (Figure 4a) . Aided by the phase diagram, various modes of printing and their corresponding nonlinear patterns and fiber diameters can be achieved in highly reproducible manner (Figure 4b ; Video S1, Supporting Information). In another example, we continuously vary the speed and the height of the nozzle from V* = 0.3 to 2.5 and H* = 5 to 2 ( Figure 4a ) along a straight motion path of the nozzle. As a result, we can continuously print different modes (from coiling to thinning) and fiber diameters (from d = 270 to 170 µm) in a single fiber without disrupting the printing process or the nozzle motion path (Figure 4c ).
The capability of tuning fiber diameters in highly reproducible and predictable manner further enables us to print 3D solid structures with varying resolutions and layer thicknesses using a single nozzle. In Figure 5a Importantly, since the new strategy is based on the mechanics of viscoelastic inks, it can be readily applied to a wide range of viscoelastic inks. For instance, we select different values of V* (0.3, 0.6, 0.8, 1.5, 3, 10, 25, and 30) for H* = 4 to print several lines with straight nozzle motions for the hydrogel ink (PEO solution) ( Figure S5 , Supporting Information). While the coiled patterns have been adopted in the previous DIW 3D printing approaches; [23] to our best know ledge, this is the first demonstration of DIW 3D printed fibers with resolution much finer than the nozzle diameter (for example, up to 1.9 and 5.4 times for the silicone elastomer and the hydrogel inks, respectively) and discontinuous patterns in highly predictable and reproducible manner by following the quantitative phase diagram.
With the new 3D printing strategy, various novel applications and functionalities become accessible beyond the limits of conventional DIW 3D printing. www.advmat.de www.advancedsciencenews.com and structural robustness. [24] In nature, such property is typically achieved by straightening and consequent stiffening of the folded collagen fibers under tension. [25] In engineering applications, similar approaches have been applied in a wide range of fields such as stretchable electronics, [26] but fabrication of such structures usually requires complicated multistep processes in small scales. [27] In contrast, we demonstrate that stretchable structures with tunable stiffening property can readily be printed by harnessing instability of the viscoelastic ink (Figure 6a-c) . During the coiling mode of printing (1/H* < V* ≤ 1), the total length of the printed fiber becomes 1/V* times of the translational movement of the nozzle tip due to the coiling instability. To straighten the resultant wavy fiber, it should be stretched to λ = 1/V* during which tensile resistance is very low, resulting in the delayed stiffening under tension ( Figure S6, Supporting Information) . Hence, the locking stretch of the printed fiber can be expressed as
where λ LO is the locking stretch of the fiber printed at V* = 1. As shown in Figure 6a , the stiffening response of the printed fiber can be tuned in highly predictable manner by selecting appropriate printing parameters based on the phase diagram. In addition, the same approach can realize structures with anisotropic stiffening property in different directions, all printed with a single nozzle. In one example, we select V* = 0.8 for both x and y directions, resulting in the delayed stiffening responses in both directions (Figure 6b) . In another example, we select V* = 1.8 for x direction (equidimensional mode) while V* = 0.8 for y direction, resulting in the delayed stiffening response only in y direction (Figure 6c ). We can also achieve 3D structures with gradient properties by the new 3D printing strategy. In conventional DIW, printing of fibers with large range of diameters typically requires individually accessible nozzles with different diameters. [11, 13] Thanks to predictable control of fiber diameter in the new 3D printing strategy, we can print a wide range of fiber diameters without changing the nozzle only by selecting appropriate printing parameters. Such gradient structures can be printed within the same layer of fibers by varying H* and V* when printing different fibers. For example, we vary V* from 0.4 to 3.2 within the same layer to print a gradient mesh with the fiber diameter ranging from 420 to 150 µm (Figure 6d) . The gradient can also be introduced over different layers in 3D structure by using different H* and V* in different layers. For example, we select (H*, V*) = (4, 0.8) for the first layer, (H*, V*) = (3, 1.2) for the second layer, (H*, V*) = (3, 1.8) for the third layer, and (H*, V*) = (2, 2.5) for the fourth layer to print a 3D structure with different patterns and fiber diameters for each layer ( Figure S7 and Video S3, Supporting Information). In another example, we select (H*, V*) = (1.5, 1) for layer 1 to 4 and (H*, V*) = (0.7, 3) for layer 5 to 8 to print a 3D mesh with 8 layers (Figure 6e ; Video S4, Supporting Information).
In addition, such structures can also have gradient kinetic properties that enables novel functions. www.advmat.de www.advancedsciencenews.com a swelling actuator with a gradient 3D mesh with two different fiber diameters in upper and lower part of the structure, all printed by a single nozzle (Figure 6e,f) . When the actuator swells in a solvent (tetrahydrofuran), it initially buckles toward one side and gradually becomes flat over time (Figure 6f,g; Video S5, Supporting Information). This is because the part with smaller fiber diameter swells faster (d = 155 µm and t ≈ 20 s) than the part with larger fiber diameter (d = 270 µm and t ≈ 80 s) and both parts have the same equilibrium swelling ratio.
In summary, we introduce a new 3D printing strategy that can exceed the limits of existing DIW 3D printing by harnessing deformation, instability and, fracture of viscoelastic inks. We construct a quantitative phase diagram to provide highly predictable and reproducible rational guide for selection of printing parameters with experimental validations. This versatile DIW 3D printing strategy provides new ways of achieving much higher printing resolution beyond the nozzle diameter as well as various nonlinear patterns printed continuous motion paths by using a single nozzle. The new strategy can be applied to a wide range of viscoelastic ink materials for DIW 3D printing. With this capability beyond the conventional DIW 3D printing approaches, the new 3D printing strategy will be broadly applicable and impactful for diverse fields of science and engineering. In addition, the current work demonstrates that the mechanics of inks plays a critical role in developing 3D printing technology.
Experimental Section
Ink Preparation: Silicone elastomers, Dragon Skin 30 (Smooth-On) and SE 1700 (Dow Corning), were mixed together to form 3D printable viscoelastic ink. More specifically, Dragon Skin 30 part A, Dragon Skin 30 part B, SE 1700 base, and SE 1700 catalyst were added with 1:1:1:0.1 weight ratio and mixed thoroughly using a Thinky mixer (AR-100, Thinky) in a closed container. For images in the figures, red pigment for silicone elastomers (Smooth-On) was added in 1 wt% of the total elastomer mixture. To avoid changes in rheological properties, the prepared ink was used within 3 h after preparation. For the viscoelastic hydrogel ink in Figure S5 of the Supporting Information, 20 wt% of 900 kDa PEO (Sigma-Aldrich) was dissolved in deionized water. For images in the figure, fluorescein sodium salt (Sigma-Aldrich) was added in 0.1 wt% of the total hydrogel solution.
Rheological Characterizations: Rheological properties of inks were measured via rotational rheometer (AR-G2, TA Instruments) with 20 mm diameter steel plate. Complex moduli of inks were measured by small amplitude oscillatory shear tests over angular frequency range of 0.01-100 rad s −1 with oscillatory strain of 0.02. The master curve at the reference temperature of 25 °C was obtained by time temperature superposition method. The measured complex moduli were fitted with a Maxwell relaxation spectrum with five modes by MATLAB ( Figure S1a Printing of Viscoelastic Inks: Print paths were generated via production of G-code that controls the XYZ motion of the 3D robotic gantry (Aerotech). G-code was either generated by manual coding or open-source software (Slic3r). Printing parameters (i.e., H and V) in G-codes were applied based on the phase diagram. Pressure based microdispensers (Ultimus V, Nordson EFD) were used to print inks via Adv. Mater. 2017, 1704028 Mechanical Testing for Delayed Stiffening Structures: Tension tests of the printed samples were performed by the mechanical testing machine (20 N load cell; Zwick/Roell Z2.5) with 0.01 s −1 nominal strain rate. Nominal stress and stretch were calculated based on the initial specimen dimensions. The locking stretch of the samples was experimentally determined by examining the stretch level at which the slope of nominal stress versus stretch curve sharply increased ( Figure S6, Supporting Information) .
Measurement of Printed Fiber Diameter:
The diameter of the printed fiber as a function of height was determined by optical micrometer (LS-7010, Keyence) ( Figure S2a, Supporting Information) . The diameter of printed fibers on substrates was measured by optical microscope (LV100ND, Nikon) (Figure 3c ). For more accurate measurement of the fiber diameters, green fluorescent pigment for silicone elastomers (Smooth-On) was added in 1 wt% of the total elastomer mixture and imaged by the optical microscope with green fluorescence filter.
Swelling Test of Gradient 3D Structures: The swelling of 3D printed elastomer structure was performed by using organic solvent, tetrahydrofuran (THF, Sigma Aldrich). Swelling kinetics of fibers with different diameters were measured under optical microscope (LV100ND, Nikon). Upon the application of THF, equilibrium swelling time for each fiber was recorded and fitted using MATLAB ( Figure S8 , Supporting Information).
Supporting Information
Supporting Information is available from the Wiley Online Library or from the author. 2 /4 is the extrusion rate, ρ is the ink density, and g is the gravitation acceleration, respectively.
[1] Since DIW 3D printing typically adopts relatively small H * as printing parameter, the gravitational stretching is oftentimes negligible for highly viscoelastic inks. For example, the silicone elastomer ink properties and printing conditions used in this study (i.e., ! " = 47,891 Pa·s, ρ = 1,105 kg·m -3 , g = 9.81 m·s -2 , and C = 450 mm·s -1 ) gives H vg ≈ 20H * for D = 50 µm to 400 µm. Hence, the gravitational stretching is negligible in the range of H * used in this study (H * ≤ 10). In addition, the rheological properties of viscoelastic inks in DIW 3D printing such as yield stress flow can further decrease the effect of gravitational stretching ( Figure S1c) . Hence, the diameter of printed fiber is nearly the same until it is deposited on the substrate or printed layer ( Figure S2a ).
Under such condition, the inertial effect from the gravitational stretching is negligible.
[1] Also, the nozzle tip moves with a constant speed without acceleration in this study. Therefore, the inertial effect in general can be regarded as negligible.
Condition for fracture of stretching viscoelastic ink
Stretching the extruded ink can significantly reduce the diameter of printed fibers and enhance the resolution of printing, until the ink fractures into discontinuous segments ( Figure S4a) . [2] Recent studies on the elastic fracture of viscoelastic liquids [3] 
Video S1
Various modes of DIW 3D printing at H * = 5. The corresponding printing parameters are shown in the phase diagram.
Video S2
DIW 3D printing of solid structures with varying fiber diameters by continuous single nozzle printing sequences.
Video S3
DIW 3D printing of a multi-layered structure with different modes at each layer. The corresponding printing parameters are shown in the phase diagram.
Video S4
DIW 3D printing of a multi-layered mesh structure with varying fiber diameters by a single nozzle.
Video S5
Swelling of a gradient 3D structure in THF. Difference in swelling time scales due to gradient fiber diameters gives initial inhomogeneous swelling followed by equilibration in fully swollen state.
